The aim of this study was to compare the recently developed typing approach for methicillin-resistant Staphylococcus aureus (MRSA) based on the DNA sequencing of the protein A gene polymorphic region (spaA typing) with a combination of three well-established molecular typing techniques: ClaI-mecA vicinity polymorphisms, ClaI-Tn554 insertion patterns, and SmaI pulsed-field gel electrophoresis (PFGE) profiles. In order to evaluate the applicability of this typing technique in different types of studies, two groups of MRSA clinical isolates were analyzed: a collection of 185 MRSA isolates circulating in Hungary recovered from 17 hospitals in seven cities during a 3-year period (1994 through 1996), and a selection of 53 MRSA strains isolated in a single hospital in Hungary between 1997 and 1998. The 238 MRSA clinical strains from Hungary were first classified in clonal types (defined as ClaI-mecA::ClaI-Tn554::SmaI-PFGE patterns), and 65 of the 238 strains, representing major MRSA clones and some sporadic clones, were further analyzed by spaA typing. Our results showed that the lineages most recently introduced in the hospital setting showed little variability in spaA types, whereas the MRSA clones circulating for a longer period of time and spread among several hospitals showed a higher degree of variability. The implementation of the spaA typing method was straightforward, and the results obtained were reproducible, unambiguous, and easily interpreted. This method seems to be adequate for outbreak investigations but should be complemented with other techniques in long-term surveillance or in studies comparing distant clonal lineages.
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Three molecular typing techniques (5) have been largely used for the characterization of clones of methicillin-resistant Staphylococcus aureus (MRSA) and enabled the detection of widely spread MRSA lineages, such as the Iberian, Brazilian, New York/Tokyo, and pediatric MRSA clones (1, 7, 11, 17, 20, 21, 24) . The combined methods consist of (5, 10) Southern blot analysis of chromosomal ClaI digests with a mecA DNA probe (ClaI-mecA polymorphisms) and with a Tn554 transposon probe (ClaI-Tn554 insertion patterns) and restriction fragment length polymorphism analysis of chromosomal DNA generated after cleavage with SmaI and pulsed-field gel electrophoresis (PFGE) (SmaI-PFGE). ClaI-mecA polymorphisms are a consequence of the variability in the vicinity of the mecA gene, the central element of methicillin resistance, and ClaITn554 patterns reflect the location and copy number of the transposon Tn554, present in most MRSA clinical isolates (10) . PFGE provides fine fingerprinting of the chromosomal background with high discriminatory power and has been suggested as the gold standard for the molecular typing of MRSA (25, 26) .
DNA sequencing-based typing techniques are being developed with obvious advantages in speed, unambiguous data interpretation, simplicity of large-scale database creation, and standardization among laboratories (8) . Recently, DNA sequencing of the spaA gene (protein A determinant) polymorphic region for typing of MRSA strains was evaluated (22) . The polymorphic X region is involved in attachment to the cell wall and consists of a variable number of 24-bp repeats, short sequence repeats, which seem to arise from deletion and duplication of the repetitive units and also by point mutation (9, 27) . The existence of well-conserved regions flanking the X region coding sequence in spaA allows the use of primers for PCR amplification and direct sequence typing. Shopsin and colleagues (22) have shown that, despite its high degree of polymorphism, the X region of protein A has a variation rate low enough to provide suitable discrimination for outbreak investigations or strain collections restricted to one location and recovered within a short period of time.
In this study we evaluated the discriminatory power of spaA typing to differentiate MRSA clones and assessed the correlation between this sequencing typing method and the combined molecular typing methods ClaI-mecA, ClaI-Tn554, and SmaI-PFGE patterns referred to above. Using these three combined methods, we have studied two groups of MRSA strains with different characteristics recovered from Hungarian hospitals: a representative collection of MRSA strains circulating in Hungarian hospitals during a 3-year period (1994 to 1996) and a collection of MRSA isolates recovered from a single hospital during a 2-year period (1997 to 1998). Fifty-six strains representing the most important clones spread in Hungarian hospitals between 1994 and 1998 and also some sporadic clones were further analyzed by spaA typing to analyze the correlation between clonal types defined as ClaI-mecA polymorphisms ::ClaI-Tn554 patterns::SmaI-PFGE profiles and spaA types.
(Part of this study was presented at the 38th Interscience Conference on Antimicrobial Agents and Chemotherapy, American Society for Microbiology, abstr. E170, 1998.) Tables 1 and 2 summarize the clonal types found in the 1994 to 1996 and 1997 to 1998 collections, respectively. The clonal types were compared to those of a previous study in which the application of these techniques to a collection of 48 MRSA clinical isolates recovered from six provincial hospitals located hundreds of kilometers apart in Hungary between 1993 and 1994 demonstrated the existence of a unique epidemic MRSA clone, the Hungarian MRSA clone (clone III::B::A), which was present in 81% of the isolates (6) . In the present study, this lineage, characterized by PFGE pattern A, was still present in both collections, but its prevalence had decreased to 70% in 1994 to 1996 and its variability, expressed by the panoply of PFGE subtypes (37 subtypes were found for PFGE pattern A), ClaI-mecA types, and ClaI-Tn554 insertion patterns, had increased, as shown by the presence of clonal type III::B::A in only 33% of the isolates in 1994 to 1996. The observed variability in the ClaI-mecA polymorphisms (patterns III, IX, XI, and IIIЈ) was characterized by small shifts in the hybridization fragment size of the mecA downstream vicinity which were detected in strains isolated after 1993 and that were recently explained (16) as being caused by different copy numbers of the direct repeat unit (dru) within the hypervariable region downstream of mecA (19) . Pattern IX has 11 dru copies, pattern XI has 10 copies, pattern III has 9 copies, and pattern IIIЈ has 8 copies (16) . Therefore, it is reasonable to consider that clonal types III::B::A, IX::B::A, XI::B::A, and IIIЈ::B::A are equivalent, and altogether they accounted for 42% of the clonal types in 1994 to 1996. ClaI-Tn554 insertion patterns are a consequence of the location and copy number of a transposon, by definition a mobile element, and within the PFGE pattern A cluster as many as 16 different insertion patterns were found, all characterized by the presence of multiple copies of transposon Tn554. However, since PFGE is the technique with the highest discriminatory power, strains sharing PFGE pattern A were classified as closely related and accounted for 70% of the clonal types in 1994 to 1996 and 40% in the 1997 to 1998 collection. This high degree of variability within an MRSA clone has never been reported before and seems to be a particular characteristic of the Hungarian clone. It is not observed, for example, in the highly epidemic Iberian and Brazilian clones (H. de Lencastre, unpublished observations).
RESULTS

Clonal analysis of Hungarian MRSA.
In the 1994 to 1996 collection, a new family of clones were found in Hungarian hospitals, PFGE pattern D-related clones II::q::D, II::A1::D, and II::D::D (15% of the isolates), which were also detected in 9% of the isolates recovered from the single hospital studied in 1997 to 1998. In this same hospital in 1997 to 1998, a previously undetected lineage (II::E1::S) was present in 28% of the isolates. Both lineages showed significantly less variability than PFGE pattern A-related clones, which may be explained by its more recent introduction in Hungarian hospitals and, in the case of clone II::E1::S, by the fact that it was detected in isolates from a single hospital. These lineages do not appear (by the typing methods used) to be related to other MRSA clones spread in other countries and previously identified in this laboratory. Figure 1 shows some subtypes of the most important PFGE patterns found in this study, PFGE patterns A, D, and S.
spaA typing. Fifty-six strains representing the most important clonal types detected in Hungarian hospitals in 1994 to 1996 and 1997 to 1998 were studied by spaA typing. For each lineage (defined according to PFGE patterns A, D, and S), several strains with different ClaI-mecA and ClaI-Tn554 patterns were selected from different hospitals, cities, and periods of isolation. Nine strains belonging to sporadic clones were a Clonal types were defined on the basis of ClaI-mecA polymorphisms::ClaI-Tn554 patterns::SmaI-PFGE restriction profiles. A total of 185 strains were examined. ClaI-mecA polymorphisms with a prime and ClaI-Tn554 insertion patterns with number codes (e.g., B1) contain small variations from previously described patterns. ClaI-Tn554 insertion patterns with lowercase letters are new patterns not described in previous studies. also included. Nine different spaA types were found among the 65 five strains studied (Table 3) .
Four related spaA types sharing the KAOMQ motif (spaA types WGKAKBAOKAOMQ, WGKAKAOKAOMQ, WGKA OKAOMQ, and XKAOKAOMQ) were found among the isolates belonging to PFGE pattern A-related clones. However two of these spaA types (WGKAKAOKAOMQ and WGKA OKAOMQ) were also found among strains belonging to the sporadic clones characterized by PFGE patterns B, T, and H.
The spaA type WGKAQAQQ was specific for the 12 isolates studied belonging to PFGE pattern D-related clones. The spaA type TIMBMDMGMK was specific for 9 of 10 isolates studied belonging to clonal type II::E1::S, and the other isolate was characterized by the related spaA type TIMBME. The remaining two spaA types, YHFGFMBQBLO and WGKAOMQ, were specific for strains belonging to the sporadic clones I::NH::W and III::␤␤1::Z, respectively.
DISCUSSION
We have applied the recently developed MRSA typing technique based on DNA sequencing of the protein A gene polymorphic region, spaA typing (22) , to characterize two distinct MRSA collections representing two different kinds of studies: a representative collection of MRSA clinical isolates circulating in Hungarian hospitals during a 3-year period and a collection of clinical strains recovered from a single hospital during a 2-year period, also in Hungary. spaA types were compared to the results obtained using other molecular typing techniques (ClaI-mecA, ClaI-Tn554, and SmaI-PFGE patterns) in order to evaluate the discriminatory power of spaA typing and its use to characterize MRSA clones circulating in a particular country or hospital. In addition, we wanted to assess the ease of implementation and execution of this method in our laboratory, since we have been interested on the molecular typing of clinical strains of MRSA, and therefore, spaA typing was potentially useful in our studies.
Implementation of spaA typing technique. The implementation of the spaA typing technique, essentially according to the published procedure (22) , was straightforward and easy to establish in our laboratory, requiring only some expertise in PCR and DNA sequencing techniques, which are easily achieved with modern reagent kits, thermocyclers, and sequencers. To evaluate the reproducibility of the spaA types, four strains were typed twice, and in all cases the spaA types obtained were exactly the same. The stability of spaA types was also evaluated for one strain, which was daily diluted in fresh medium over a 3-week period (approximately 15 ϫ 10 9 generations), and no changes in spaA type were detected. In order to make a first evaluation of spaA typing, a small collection of 20 MRSA isolates representative of well-characterized and internationally spread clones, such as the Iberian (7, 21) , Brazilian (24) Comparison between spaA typing and other molecular typing techniques. In this study, spaA typing was excellent in discriminating the clonal lineages more recently introduced in Hungarian hospitals (PFGE pattern D clones and clone II::E1::S), which were characterized by the specific spaA types WGKAQAQQ and TIMBMDMGMK/TIMBME, respectively.
However, the isolates belonging to the clonal lineage characterized by PFGE pattern A, circulating in Hungarian hospitals at least since 1993, were characterized by a cluster of four spaA types with the KAOMQ motif, and two of these spaA types were also found among strains belonging to the sporadic clones characterized by PFGE patterns B, T, and H. These findings suggest that these sporadic clones (III::B::B, III::BЈ::B, III::W::B, III::M4::T, and III::MЈ::H) may have evolved from clone III::B::A, so that a less discriminative technique like spaA typing might not be able to differentiate them. This hypothesis is supported by the fact that these sporadic clones show the same ClaI-mecA and ClaI-Tn554 types as PFGE pattern A-related clones. Moreover, another sporadic clone analyzed by spaA typing (clone I::NH::W), with nothing in common with clone III::B::A, displayed the unrelated and specific spaA type YHFGFMBQBLO, whereas the sporadic clone III::␤␤1::Z (sharing ClaI-mecA type III) was characterized by spaA type WGKAOMO, with the KAOMQ motif. The variability of spaA types among the PFGE pattern A-related clones parallels the variability also detected by the other typing techniques, suggesting that the mutation rate of the spaA gene polymorphic region is comparable to the variability rate of ClaI-mecA polymorphisms, ClaI-Tn554 insertion patterns, and PFGE subtypes.
The application of spaA typing also provided interesting clonal relationships among MRSA. The sporadic clone I::NH::W found in Hungary in 1998 (Table 2) showed exactly the same spaA type as the Iberian clone-related strains isolated since the mid-1980s and also strain DEN2125 isolated in Denmark in 1964 (results not shown), confirming the previous finding (4) that the Iberian clone, first described in Spain (7) and since then shown to be widely spread throughout Europe (12, 13, 21) and the United States (17, 18) , may have in strain DEN2125 a evolutionary precursor. The I::NH::W clone may also be an Iberian clone derivative that has just been introduced in Hungary and will eventually disseminate among Hungarian hospitals. Analysis of Fig. 2 , in which the PFGE profiles of these strains are displayed, showed that these strains do not a spaA types were assigned according to Shopsin and colleagues (22) . Each letter corresponds to a different polymorphism of the 24-bp repeat; the sequence of letters correponds to the sequence of the 24-bp repeats within the spaA gene polymorphic X region.
b Clonal types were defined on the basis of ClaI-mecA polymorphisms::ClaI-Tn554 patterns::SmaI-PFGE restriction profiles.
have the same PFGE pattern, although these patterns seem to be related (10 band differences). The stability in the spaA type of Iberian clone-related strains over a span of at least three decades contrasts with the variability found in the spaA type related to the Hungarian clone strains and was somehow unexpected, since the molecular basis for spaA type is precisely the polymorphic X region within the spaA gene. These findings suggest that there are highly stable alleles of the X region, presumably very efficient in determining pathogenesis and/or adherence mechanisms. As previously suggested by Shopsin and colleagues (22) and also confirmed by Tang and colleagues (23) , DNA sequencing of the protein A gene polymorphic region as a typing technique seems to be a powerful technique for MRSA typing. This is especially true for MRSA isolates restricted to one location and to a short period of isolation (that is, for outbreak investigations), as was shown in this study by the excellent discrimination of the clonal lineages more recently introduced in Hungarian hospitals (clones related to PFGE patterns D and S). spaA typing also had a satisfactory capacity for discrimination in more diverse collections, as illustrated in this study with the PFGE pattern A clonal lineage. However, in these cases, other typing techniques and a more careful interpretation of the spaA types may be needed. In our study, we found spaA types to be stable and reproducible, and the spaA typing technique was easy to implement and provided unambiguous results.
